Introduction {#Sec1}
============

The mammary gland is an epithelial tree of ducts and lobular structures, embedded in an adipose-rich stroma. Each duct and lobuloalveolar unit constitutes a bilayered outer basal cell layer and an inner hormone receptor-positive (HR+) and -negative (HR−) luminal cell layer. Mammary gland development is highly dependent on the circulating hormones oestrogen and progesterone, which induce mammary morphogenesis during distinct stages of the reproductive cycle^[@CR1]^. These hormones act on HR+ luminal cells to elicit secretion of mitogenic paracrine signalling factors, which influence neighbouring HR− luminal and basal cells and induce rounds of proliferation. Cyclical surges in progesterone have also been shown to dramatically increase stem cell capacity and epithelial cell numbers in the adult breast^[@CR2]--[@CR4]^. Although hormonal signals can cause the majority of epithelial cells to proliferate, the number of proliferating cells varies greatly in the mammary gland between reproductive cycles^[@CR5],[@CR6]^. At present, the proliferative changes within an individual reproductive cycle or variations in cell cycle length in the normal mammary gland are poorly understood. In this study, we utilised a combination of in vitro and in vivo functional assays and single cell genomics of the normal mammary epithelium to show the proliferative changes that occur during one estrous cycle. We demonstrate that most mammary epithelial cells proliferate during a specific phase of the estrous cycle. We also show that this expansion of the mammary gland does not occur during every estrous cycle and that there is substantial proliferative heterogeneity within the mammary gland. The proliferative activity during a cell cycle relies heavily on the length of time spent within the G1 phase showing the proliferative heterogeneity occurring in the mammary gland.

Results {#Sec2}
=======

Gene expression during the cell cycle phases {#Sec3}
--------------------------------------------

Specific mammary-related genes determine the lineage, however it is not known whether these mammary-specific lineage-determinants change during a cell cycle to determine cell fate. Thus we hypothesise that as cells enter into the cell cycle, changes in expression of key mammary-related genes will dictate progenitor activity. In order to accurately and precisely determine when mammary epithelial cells enter into a proliferative state, we needed a system to determine the cell cycle phases, in vivo, in real time. We employed the Fucci2 reporter mouse to visualize mammary epithelial cells in specific phases of the cell cycle. In the Fucci2 system, mCherry-hCdt1 (30/120) is expressed during G1, while mVenus-hGem (1/110) is expressed during S/G2/M phase of the cell cycle^[@CR7]^. Additionally, both colours disappear during cytokinesis and very early in G1^[@CR7]^. We first confirmed the presence of mCherry in G1 or mVenus in S/G2/M cells (Fig. [1a](#Fig1){ref-type="fig"}; Supplementary Fig. [1a](#MOESM1){ref-type="media"}) in intact mammary glands by immunofluorescent staining. To investigate the dynamic changes that occur in mammary cells throughout the cell cycle, we employed a microfluidics approach (Fluidigm) to perform multiplex gene expression analysis of freshly purified, flow sorted basal, HR− luminal and HR+ luminal cells. We performed single cell qPCR from these three mammary cell populations, each taken at G1, G1 high (G1^hi^) and S/G2/M phases of the cell cycle (Fig. [1b](#Fig1){ref-type="fig"}). We observed a novel population of cells, denoted double negative (DN), which have negative/lower levels of mCherry and are negative for mVenus expression (Fig. [1b](#Fig1){ref-type="fig"}). We queried genes altered in S/G2/M or across individual mammary cell lineages, as well as mammary cell fate determinants.Fig. 1Single cell gene expression analysis of cycling mammary epithelial cells. **a** Immunofluorescence staining for mCherry to detect cells in G1 (red; arrows) and mVenus to detect S/G2/M (green; arrowheads) phases of the cell cycle in intact mammary glands. ERα (cyan) marker was used to discriminate between the HR− (yellow arrow/arrowheads) and HR+ (white arrow/arrowheads) luminal cells. Scale bar = 25 µm. **b** Schematic of gating strategy for single cell mammary epithelial cell analysis. **c** Heat maps showing unsupervised hierarchical clustering of gene expression of cells in G1, G1^hi^, S/G2/M and DN of the cell cycle, of 96 single cells from each of the basal, HR− and HR+ luminal compartments. Coloured symbols above heat map correspond to the cell cycle population. White to red intensity suggests middle to high expression, whereas white to blue suggests low to no expression. Violin plots show the distribution of cell cycle/mammary-related gene expression of single cells from the different cell cycle phases of the (**d**) basal, (**e**) HR− luminal and **f** HR+ luminal populations. Two-way ANOVA analysis with Tukey's multiple comparison test was used to determine gene expression changes between different cell cycle phases. \*, \*\*, \*\*\* represent statistical significant at *P* \< 0.05, *P* \< 0.01, *P* \< 0.001, respectively. No asterisks, statistically not significant

Unsupervised hierarchical clustering and principle component analysis (PCA) showed that expression of our target gene sets could distinguish S/G2/M mVenus-positive cells from cells in other cell cycle phases (Fig. [1c](#Fig1){ref-type="fig"}, Supplementary Fig. [1b](#MOESM1){ref-type="media"}). The heat maps and PCA plots of the DN population closely resemble G1/G1^hi^ cells, strongly suggesting that DN contains newly generated daughter cells. Cell cycle-specific genes (*Bric5*, *Cdk1*, *Top2a*) were all consistently upregulated during S/G2/M in all mammary epithelial populations (basal, HR− luminal, HR+ luminal). Interestingly, mammary-related genes did not noticeably change at the transcription level throughout the cell cycle in HR− luminal and basal cells; these included genes involved in cell proliferation (*Myc*, *Trp53*, *Ccnd1*), cell fate decision (*Notch2*, *Wnt4*, *FoxA1*) and genes encoding known mammary subset markers (*Id4*, *Krt5*, *Pten*, *Aldh1a3*, *Elf5*; Fig. [1d--f](#Fig1){ref-type="fig"}, Supplementary Fig. [2](#MOESM1){ref-type="media"}), suggesting that active proliferation/progenitor effects require constant expression of these genes throughout the cell cycle in order for cells not to be directed towards differentiation. Alternatively, entry into the cell cycle may not be entirely dependent on expression changes of tested mammary-related genes. Notably, HR+ luminal cells showed a different trend. We noted elevated levels of Gata3, ER, PR, FoxA1 and Cyclin D1 during G1/G1^hi^ phases in this population indicating a more differentiated status (Fig. [1f](#Fig1){ref-type="fig"}, Supplementary Fig. [2b,d](#MOESM1){ref-type="media"}), consistent with the reported increased Gata3 and FoxA1 expression in differentiated HR+ luminal cells^[@CR8],[@CR9]^. These data confirmed the utility of the Fucci2 model to study mammary gland cell cycle dynamics.

Actively proliferating cells have shorter G1 lengths {#Sec4}
----------------------------------------------------

It has been shown that the duration of particular cell cycle stages plays a major role in determining the cell fate choice. Specifically, the length of G1 has been implicated in controlling differentiation in neurons^[@CR10]^ and embryogenesis^[@CR11],[@CR12]^. We measured the length of time mammary epithelial cells spend in G1/G1^hi^ and S/G2/M by time-lapse microscopy on flow purified basal, HR− and HR+ luminal cells cultured in colony forming capacity (CFC) assays. On day 4 of the CFC assay, between 130 and 300 cells were tracked over a period of 24 h to record a full cell division, with all Fucci2 mammary epithelial populations displaying the expected transition from mCherry (magenta) to mVenus (green) fluorescence upon cell cycle progression (Fig. [2a](#Fig2){ref-type="fig"}, Supplementary Fig. [3a-b](#MOESM1){ref-type="media"}). In all populations, the majority of cells spent an average of 5 h in G1 and 10 h in S/G2/M. However a small proportion of cells resided in G1 for extended periods of time that ranged \>20 h. We observed that 20% of HR+ luminal and 10% of basal cells had extended G1 lengths, suggesting a more differentiated phenotype exists within these cell populations (Fig. [2b](#Fig2){ref-type="fig"}). Interestingly, cells that resided in G1 for a shorter period of time had lower mCherry intensities and were frequently observed to progress into the next DNA replication phase (Fig. [2c](#Fig2){ref-type="fig"}, Supplementary Fig. [3c-e](#MOESM1){ref-type="media"}). Cells that had a longer G1 cycle had greater mCherry intensity and did not enter the next cycling phase within the 24-h window (Fig. [2d](#Fig2){ref-type="fig"}, Supplementary Fig. [3f-h](#MOESM1){ref-type="media"}).Fig. 2Diversity of cell cycle lengths in mammary epithelial cells. **a** Representative time-lapse images of the cell cycle determined by tracking Fucci2 fluorescence over 24 h from a cycling cell (upper panels) and a non-cycling cell residing in G1 (lower panels). **b** Histogram showing the distribution of G1 length (*n* = 250--300 segments) and S/G2/M length (*n* = 130--200 segments) in the basal, HR− and HR+ luminal cells (130--300 cells measured from three independent experiments). Changes in G1 (magenta) or S/G2/M (green) fluorescence intensity during 24 h imaging in a representative (**c**) proliferative or (**d**) differentiated cell, *n* = 130--300 cells measured over three independent experiments. **e** Schematic of Ts workflow. **f** Representative immunofluorescent images of CldU+ (green) IdU+ (cyan) cells, with basal marker Keratin 5 (K5, red). Scale bar = 25 µm. **g** Schematic of Tc workflow. **h** Representative immunofluorescent images of CldU+ (green) IdU+ (cyan) cells, with basal marker K5 (red). Arrows show IdU+, arrowheads show CldU+ and hollow arrows show CldU+IdU+ cells. Scale bar = 25 µm. **i** The diagram depicts the calculated/estimated length of the different cell cycle phases as a mean value of all proliferating cells in the mammary epithelium in vivo. **j** Bar graph showing the length of Ts (*n* = 7) and Tc (*n* = 5); mean ± SEM. **k** Schematic of the CFC assay and bar graph depicting clonogenic capacity at different phases of the cell cycle for basal, HR− and HR+ luminal colonies

We next wanted to determine the length of the cell cycle in vivo by administering CldU (5-chloro-2'-deoxyuridine) and IdU (5-Iodo-2'-deoxyuridine) (Fig. [2e--h](#Fig2){ref-type="fig"}). Both dyes incorporate into DNA during replication and the ratio of double-positive/single-positive cell numbers enumerates S phase (Ts) or total cell cycle (Tc) length, providing a basis for projecting the lengths of G1 and G2/M (Fig. [2i](#Fig2){ref-type="fig"}). We found that mammary epithelial cells spent an average of 7.4 h in S phase and generally took 20 h to complete each cell division. Overall, we noted cell cycle time durations in vivo were slightly longer than in vitro mammary cell analyses. The G1 length in vivo was \~7 h, and in vitro G1 lengths were on average 5 h. When comparing in vivo to in vitro S/G2/M lengths were 13, and 10 h, respectively. We observe similar G1:S/G2/M ratios between in vivo and in vitro indicating that in vitro assessment in CFCs reflects endogenous cell cycle dynamics (Fig. [2i--j](#Fig2){ref-type="fig"}).

To test whether mammary epithelial cells with a longer G1 phase were more differentiated, we sorted mCherry bright (G1 bright), double-positive (late G1/early S), mVenus (S/G2/M phase) and the DN populations from basal, HR− or HR+ luminal cell colonies and assayed them for their progenitor potential. The mCherry bright cells had overall lower progenitor potential compared to late G1/early S, S/G2/M, or DN subsets (Fig. [2k](#Fig2){ref-type="fig"}). Joshi et al. demonstrated that exposure to R-Spondin1 (Rspo1) resulted in increased proliferation^[@CR13]^, while another study showed that addition of Wnt3 resulted in increased colony numbers^[@CR14]^. Thus, we reasoned that addition of these two compounds would stimulate mammary epithelial cells to proliferate in culture. As differentiated cells appear to have longer G1 lengths, we reasoned that forcing a proliferative phenotype could increase the number of cells in S/G2/M phases. Adding Rspo1 and Wnt3 for 24 h appeared to decrease the number of HR+ cells in G1 and increase the number of cells in S/G2/M, in all populations (Fig. [3](#Fig3){ref-type="fig"}). Thus, the mammary gland may use the length of G1 as the commitment stage to enter into the cell cycle, where a shorter G1 enables cells to progress towards a proliferative state more readily and a longer G1 allows accumulation of differentiation factors that cause a quiescent/differentiated state.Fig. 3R-Spondin1-Wnt3 drives cells into a proliferative state. **a** Schematic of Rspo1-Wnt3 administration to mammary cells. Bar graphs indicate the proportion of cells in the different phases of the cell cycle within the (**b**) basal, (**c**) HR−, and **d** HR+ luminal colonies after 24 h treatment with DMSO or Rspo1-Wnt3 (mean ± SEM; *n* = 3). Two-way ANOVA analysis with Tukey's multiple comparison test was used to determine changes in cell cycle proportions between DMSO and Rspo1-Wnt3 treatments within the different mammary epithelial cell types and changes of progenitor capacity between different cell cycle phases. \*, \*\*, \*\*\* represent statistical significant at *P* \< 0.05, *P* \< 0.01, and *P* \< 0.001, respectively

Two diestrus states exist within the mammary gland {#Sec5}
--------------------------------------------------

These findings prompted us to further characterise the patterns of proliferation that occur within an estrous cycle. It is well known that progesterone is a mitogenic stimulant for the mammary gland and levels peak during diestrus phase of the estrous cycle^[@CR1],[@CR15]^. However, diestrus can vary in duration^[@CR16]^. BrdU (5-bromodeoxyuridine) was injected into mice during estrus or diestrus, 12 h before collecting the mammary glands and flow cytometry analysis was performed. As expected^[@CR2],[@CR15]^, most cell division in mammary epithelial cells occurs during the diestrus phase; however, the number of BrdU+ cells observed during diestrus varied (Fig. [4a](#Fig4){ref-type="fig"}). Mammary glands collected from Fucci2 mice at estrus contained minimal Ki-67+ (Fig. [4b](#Fig4){ref-type="fig"}) or mVenus+ (S/G2/M) cells (Supplementary Fig. [4a](#MOESM1){ref-type="media"}). In contrast, mammary glands taken from mice in diestrus showed increased number of proliferating cells such that approximately half of the epithelial cells in both ductal and lobule structures were Ki-67+ (Fig. [4b](#Fig4){ref-type="fig"}, Supplementary Fig. [4a-b](#MOESM1){ref-type="media"}). Surprisingly, not all diestrus mice displayed this proliferating phenotype (Fig. [4b](#Fig4){ref-type="fig"}). Quantification of Ki-67+ and mCherry+ cells thus demonstrated that two states of diestrus exist; one with low proliferative events, similar to estrus and the other in an expansion state containing significant Ki-67+ cells (Fig. [4b](#Fig4){ref-type="fig"}). FACS analysis showed that sorted Fucci2 mammary cells were residing predominantly in G1 during estrus (Fig. [4c](#Fig4){ref-type="fig"}), and the non/low-proliferative diestrus state similarly consisted of cells in G1. On the other hand, the expansion state had majority of cells as DN or in S/G2/M (Fig. [4c--f](#Fig4){ref-type="fig"}). As a third to almost half of epithelial cells were residing in G1 we next wanted to determine whether these cells had proliferative capacity, or were differentiated. Basal (keratin 5 expressing cells) and HR− cells (Elf5+ cells) have been previously shown to have substantial progenitor and stem capacity^[@CR4],[@CR17]--[@CR20]^. It has been shown that the HR+ cells are maintained by their own lineage^[@CR21],[@CR22]^, however it is not known if these HR+ cells expressing ER/PR could actively proliferative. Administering BrdU to mice for 12 h and performing tissue staining, we observed that BrdU positive mammary cells could express PR. However, the majority of PR+BrdU+ cells had variable to low expression of ER (Supplementary Fig. [4c](#MOESM1){ref-type="media"}), suggesting that ER expression may not be the best marker to determine HR+ proliferative capacity. Determining the percentage of HR+ proliferating cells, we stained the highly proliferating glands with PR and Ki-67 and observed that 26% ± 6% of all Ki-67+ cells expressed PR in both ducts and lobules (Fig. [4g](#Fig4){ref-type="fig"}). As Ki-67 expression is detected in several cell cycle phases, we took mammary glands that had been exposed to BrdU derivatives for a total of 4 h. Enabling us to query whether HR+ differentiated cells in S-phase were able to proliferate. We again observed that 20% ± 5.3% of BrdU+ cells expressed PR in ductal and lobule structures (Fig. [4h](#Fig4){ref-type="fig"}), indicating that HR+ differentiated luminal cells do have the capacity to enter into the proliferative cycle.Fig. 4Diestrus heterogeneity in the mammary gland. **a** Flow cytometry analysis calculating the absolute number of BrdU+ cells from mammary epithelial subsets at estrus (*n* = 7) or diestrus (*n* = 6) showing a threefold (HR+) to ninefold (HR−) higher proliferation index at diestrus. **b** Representative immunofluorescent images of Ki-67+mCherry+ cells from an estrus, low-proliferative diestrus and a high-proliferative diestrus mammary gland. Scale bar = 25 µm, and quantification of Ki-67+ and mCherry+ cells in mammary glands from mice in estrus (*n* = 3) and diestrus (*n* = 9). **c** Representative FACS plot from Fucci2 mammary glands from estrus, non-proliferative diestrus and proliferative diestrus mice showing the proportion of cells in different phases of the cell cycle in basal, HR− and HR+ luminal populations. Bar graphs indicate the relative proportion of each cell cycle population within the (**d**) basal, (**e**) HR−, and **f** HR+ compartments from mice in estrus (**e**; *n* = 5), diestrus (**d**; *n* = 5) and high-proliferative diestrus (D-Ex; *n* = 5) stages (mean ± SEM). Two-way ANOVA analysis with Bonferroni correction used to determine significance between cell cycle phases in the basal, HR− and HR+ populations. \*\*\* represents statistical significance of *P* \< 0.001 of D-Ex compared to estrus and diestrus stages. **g** Immunofluorescent images of PR+Ki-67+ cells from proliferating ductal and lobule structures. Arrows indicate PR+Ki-67+ cells. Scale bar = 25 µm and quantification of PR/Ki-67 expression (*n* = 7). **h** Immunofluorescent images of PR+ cells during S-phase in lobule and ductal structures of normal proliferating mammary glands. Arrows indicate PR+BrdU+ cells. Scale bar = 25 µm and quantification of PR/BrdU expression (*n* = 5)

Proliferative expansion does not occur every estrous cycle {#Sec6}
----------------------------------------------------------

In order to deduce whether the expansion state occurs during every diestrus, we tracked the amount of proliferation the mammary gland undergoes during 1 estrous cycle. We used CFSE to trace dividing cells as CFSE fluorescence intensity is reduced following cell division, where CFSE was given via mammary intraductal injection at a non-toxic dose (Supplementary Fig. [4d-f](#MOESM1){ref-type="media"}). Mice were staged daily to identify the beginning of diestrus when the first injection was administered to a single 4th inguinal gland. This was followed by three injections into individual glands (Fig. [5a](#Fig5){ref-type="fig"}), and mammary glands analysed 48 h post last injection. Estrous stage was recorded throughout the entire assay (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}). The estrous cycle naturally fluctuates and we could observe two cycle lengths; group 1 had a longer diestrus (3/4 days) while group 2 had a shorter diestrus length (2 days). In vivo CFSE dilution time course showed group 1 containing substantial proliferation during a full estrous cycle as the intensity of CFSE is greatly reduced, whereas group 2 had fewer proliferative events due to CFSE intensities not changing significantly (Fig. [5b](#Fig5){ref-type="fig"}). Approximately 50% of the mammary epithelial cells in group 1 had reduced MFI compared to \~10% in group 2 (Fig. [5c](#Fig5){ref-type="fig"}). Thus, while expansion of the mammary gland may not occur during every estrous cycle, expansion is extremely strong driving up to 50% of all epithelial cells into division.Fig. 5Two distinct diestrus stages occur in the mammary gland. **a** Schematic of workflow: Daily sequential injection of mammary glands with CFSE starting at the beginning of diestrus, to analyse in vivo cell division by CFSE dilution. **b** Histogram overlays show flow cytometry analysis of in vivo CFSE dilution, representing proliferation of basal, HR− and HR+ luminal cells within one estrous cycle. The green histograms show the CFSE intensity in mammary epithelial cells 48 h after injection 1, representing time-point zero (*t* = 0). The black dotted lines correspond to the median MFI of *t* = 0. The upper panels depict group 1, a high-proliferative estrous cycle, and the lower panels show group 2, a low proliferative estrous cycle. Histogram distributions were offset vertically for easy visualization. **c** Line diagrams represent the percentage of CFSE high events after subsequent injections calculated for each group (mean ± SEM, group 1 *n* = 3--5, group 2 *n* = 3). Student's *t*-test analysis was performed. \* represents statistical significance of *P* \< 0.05Table 1Estrous stages of mice from group 1 at the time of each injectionInjectionDiestrusProestrusEstrusMetestrusNext Diestrus152535413Analysis14Table 2Estrous stages of mice from group 2 at the time of each injectionInjectionDiestrusProestrusEstrusMetestrusNext Diestrus1322131243Analysis21

Discussion {#Sec7}
==========

The decision to enter into the proliferative state in the mammary gland has thus far remained elusive and characterising the mammary cell cycle would reveal dynamics key to regeneration and differentiation. Specific cues are required for epithelial cells to enter into the cell cycle, and these may be cell type dependent. As the mammary gland relies on circulating hormone level fluctuations to trigger proliferation, the majority of proliferation occurs during the high-progesterone state, diestrus (Fig. [4a](#Fig4){ref-type="fig"})^[@CR2],[@CR3]^. The progesterone dominant luteal phase of the menstrual cycle in humans has shown variation not just in progesterone serum levels^[@CR23]^, but also in the extent of proliferation observed^[@CR6],[@CR24]^. Our tracking of cells over one reproductive cycle revealed that at any given time, only a subset of mice contained a highly proliferative phenotype and that substantial mammary epithelial expansion did not occur every estrous cycle. When expansion does occur, it is dramatic and encompasses \~50% mammary epithelial compartment. This study exposes the proliferative heterogeneity in the adult mammary gland, following the progesterone-dependent chain of molecular events.

At the single cell level, we demonstrate that sets of known mammary genes had characteristic expression profiles for mature HR+ cells and stem/progenitor cells. Stem/progenitor enriched basal and HR− luminal mammary cells had sustained and constant mRNA levels, likely enabling re-entry into the cell cycle. A small subset of HR+ cells with increased association to hormone receptor gene expression could be detected, while other HR+ cells expressed lower hormone receptor levels during diestrus^[@CR25]^. Our observed expression fluctuations evident in the HR+ luminal compartment was consistent with the concept that these cells require a reduction of key hormone receptor/associated genes in order to facilitate cell cycle entry. Loss-of-Gata3 protein or mRNA using transgenic mouse models has reported increased proliferation in mammary HR+ luminal cells^[@CR9]^. Alongside Gata3, we observed that ER, PR, FoxA1, and Cyclin D1 expression was reduced in S/G2/M reflective of a shift from differentiation to proliferative state. Recent studies have challenged the dogma of non/low-proliferative potential of HR+ cells, reporting progenitor activity and unipotent lineage maintenance in these cells^[@CR4],[@CR21],[@CR22]^. Human breast ER+ cells have been previously shown to be mutually exclusive with Ki-67+ cells^[@CR26]--[@CR28]^, although whether these HR+ luminal cells have variable ER expression throughout the cell cycle remains to be seen. We observed more consistent expression with PR, demonstrating HR+ luminal lineage proliferative activity. Overall, our study illuminates the broader transcriptional change HR+ cells utilise in order to proliferate, as well as the proliferative heterogeneity of the entire mammary epithelial compartment.

Proliferative heterogeneity could be related to the time spent in the different cell cycle phases. G1 length has been implicated in human pluripotency and mouse neuronal stem/progenitor potential^[@CR11],[@CR29]^. Further, lengthening of the total cell cycle and in particular G1, was observed to occur more in differentiated versus undifferentiated breast lobule structures of pre-menopausal human breast tissue^[@CR30]^. We show that a short G1 phase is indicative of progenitor activity in all epithelial cell populations, whereas lengthy G1 associates with a more differentiated phenotype. Furthermore, although G1 lengths in the adult mammary gland are generally longer than those reported for embryonic tissues, the concept of G1 lengths per se determining stem/progenitor activity applies to mature breast tissue. We postulate that G1 lengths are fluid in the constantly changing hormone milieu of the mammary gland. It is highly probably that the increase/decrease of hormonal changes of key HR+ gene expressions, such as ER and Gata3, results in altering G1 lengths, enabling HR+ luminal cells to enter into a proliferative state. High proliferative occasions, including expansion in diestrus and pregnancy result in shorter G1, while remainder of the time, G1 lengths is extended.

In summary, our study addresses the complexity of proliferative heterogeneity during the female reproductive cycle. By dissecting the changes that occur within the reproductive cycle and length of the mammary cell cycle phases, we begin to understand the dynamic nature and hormone triggered proliferation in the breast. Our findings bring an exciting prospect that the mammary gland may not undertake as many proliferative cycles as previously anticipated, yet the robust nature of these proliferative events may significantly impact mutational accumulation and/or cell cycle deregulation. We also observe this proliferative heterogeneity occurring in both ductal and lobule structures, suggesting that cancerous cells in human breast tissues may arise from structures that are highly proliferative. Given the collective number of menstrual cycles has been identified as a breast cancer risk factor^[@CR5],[@CR31]^, it remains to be seen whether the number of high-proliferation cycles could impact upon mutational accumulation and contribute towards cancer progression. As these studies were conducted in mice, and there are significant structural and hormonal differences between mouse and human breast tissues^[@CR32]^, future work needs to address whether similar proliferative heterogeneity and differences in menstrual cycles are observed in human breast cells. Clarity is needed to determine whether increased breast cancer risk is attributed to the collective number of menstrual cycles or attributed to the total number of high proliferative cycles combined with the lifetime exposure of progesterone.

Methods {#Sec8}
=======

Mice {#Sec9}
----

Experiments used virgin adult (10+ week old) female wild-type C57Bl/6 (OCI) and R26p-FUCCI2 (Riken Acc. No. CDB0203T)^[@CR7]^ mice. All experiments were performed according to guidelines from the Canadian Council for Animal Care and under protocols approved by the Animal Care Committee of the Princess Margaret Cancer Centre, Toronto, Canada.

Estrous staging was determined by cytological characteristics of vaginal smears. A vaginal flush was performed with 50 μL of sterile PBS, then spotted onto a microscope slide, adhered for 10 min and visualised under a light microscope. Estrous staging was based on the presence and/or proportion of nucleated epithelial cells, cornified cells and lymphocytes^[@CR33],[@CR34]^.

Dissociation of mammary tissue into single cell suspension {#Sec10}
----------------------------------------------------------

The number 3 and/or number 4 mammary glands (lymph node removed) from female virgin mice were manually minced for 1 min and then enzymatically dissociated for 1.5 h in DMEM/F12 (1:1) supplemented with 2 mg mL^−1^ collagenase (Roche) and 200 U/mL hyaluronidase (Sigma). Samples were briefly vortexed every 30 min. The mammary glands were then processed to single cells as previously described^[@CR35]^.

Preparation of cells for flow cytometry {#Sec11}
---------------------------------------

Single mammary cells were then incubated with the following primary antibodies: CD31-biotin (clone 390, eBioscience), CD45-biotin (clone 30-F11, eBioscience), Ter119-biotin (clone Ter119, eBioscience), EpCAM (clone G8.8, BioLegend), CD49f (clone GoH3, BioLegend), CD49b (HMα2, BioLegend), and Sca1 (clone D7, BioLegend). Biotin conjugated antibodies were detected with Streptavidin-eFluor450 (eBioscience). Cells were then filtered through a 30-μm cell strainer (Partec) and incubated with 4', 6-diamidino-2-phenylindole (DAPI; Invitrogen) and were analysed by using an LSRII (Becton Dickinson), or sorted on a FACSAria II (Becton Dickinson). The gating strategy to select luminal and basal subsets is shown in Supplementary Fig. [5a](#MOESM1){ref-type="media"}. Flow cytometry data were analysed using FlowJo (version 10. Tree Star Inc.)

Nucleoside incorporation studies {#Sec12}
--------------------------------

BrdU, CldU, and IdU (Sigma) were dissolved in PBS to a concentration of 10 mg mL^−1^.

BrdU incorporation: BrdU administered IP 12 h prior to tissue collection. After required duration of exposure, mice were culled and mammary glands digested as described above. For intracellular staining, cells were first stained with the indicated surface markers and then fixed with BD Cytofix/Cytoperm Buffer (BD Bioscience) for 20 min at 4 °C, followed by incubation with BD Cytoperm Plus Buffer for 10 min at 4 °C and re-fixed for 5 min at 4 °C. Cells were then treated with DNase (1 mg mL^−1^, Sigma) in PBS and then immunostained with anti-BrdU-FITC (clone 3D4, BioLegend).

CldU/IdU labelling: Adult female mice were given daily subcutaneous injections of 1 mg progesterone (Sigma) for 4 days, to mimic a high proliferative state. On day 4, mice received a single CldU IP injection followed by a single IdU IP injection either 3 or 14 h later. Mice were culled 1 h after IdU injection and mammary glands collected for histology analysis.

CFSE {#Sec13}
----

Carboxyfluorescein succinimidyl ester (CFSE, Molecular Probes, Thermo Fisher) fluorescent dye was dissolved in DMSO as 5 mM stock solution. For dye labelling, CFSE was resuspended to a final concentration of 150 µM in 0.2% Evans Blue/PBS. Female mice were staged daily 1 week prior to injections, and throughout the assay to ensure estrous cycling. On day of first injection only mice that were in metestrus the previous day and showed signs of early diestrus were included. CFSE was injected intraductally into the left 4, left 3, right 3, and right 4 mammary glands on sequential days. Individual glands were analysed by flow cytometry 2 days after the final injection.

Mammary CFC assay {#Sec14}
-----------------

For CFC assays 500 sorted HR− luminal or basal cells and 1000 h+ mammary cells were seeded in complete FAD media (DMEM/F12 +180 μM adenine + 1.8 mM calcium), 10% FBS (Gibco), 0.5 μg mL^−1^ hydrocortisone (Sigma), 100pM cholera toxin (Enzo Life Sciences), 10 ng mL^−1^ epidermal growth factor (EGF, Peprotech), 5 μg mL^−1^ insulin (Gibco), 10 μM Y-7632 (Sigma), 50 μg mL^−1^ gentamicin (Sigma) in the presence of irradiated feeders and cultured for 7 days at 37 °C in a hypoxic (5% O~2~ and 5% CO~2~) incubator. For HR+ cells the TGFβ inhibitors SB431542 and RepSox (Sigma) were added to culture media at 10 and 25 µM, respectively, 2 days after plating. At the end of the assays, the colonies were fixed with acetone/methanol (1:1), stained with Giemsa (Fisher Scientific), and enumerated under a microscope.

To stimulate proliferation in CFC assays, 30 ng mL^−1^ R-Spondin I and Wnt3 (R&D Systems) was added to day 5 cultures. After 24 h colonies were trypsinised and cells analysed by flow cytometry.

Culture for live imaging {#Sec15}
------------------------

Sorted basal, HR+, HR− luminal R26p-Fucci2 cells were grown on Eppendorf Cell Imaging 24-well plates with cover glass. After 4 days, cells were imaged in phenol red free complete FAD media in a 5% CO~2~/37 °C incubation chamber on an AxioObserver microscope (Zeiss) with a ×20/0.8 DIC Plan-Apochromat objective (Zeiss) at 20 min intervals for 24 h. Green (470 nm) and red (545 nm) signals were acquired in dual camera mode. The 2D images were processed by Zen 2.3 (Blue edition) software (Zeiss). All images were analysed by Image J (FIJI-64 bit) software. G1 was measured as the time between the first frame without fluorescence (after cell division) and the last frame with red fluorescence. S/G2/M phase was measured as the time between first and last frame with green fluorescence. This includes a short interval of S phase in which the cells were both red and green.

Immunostaining and microscopy in tissue sections {#Sec16}
------------------------------------------------

Freshly isolated intact mammary glands were fixed in 4% PFA and processed into paraffin. A total of 4 µm sections were deparaffinised in xylene, gradually rehydrated in descending concentrations of ethanol, and subsequently treated in Borg Decloaker antigen retrieval solution (pH 6) for 30 min at 121 °C and 10 s at 90 °C using a Decloaking chamber (Biocare Medical). The samples were preblocked in PBS with 1% BSA and 0.1% Tween 20, before overnight incubation at 4 °C with primary antibodies: anti-BrdU (clone BU1/75, Abcam), anti-BrdU (Clone B44, BD Biosciences), anti-ERα (6F11, Novocastra), anti-PR (H190, Santa Cruz), anti-Keratin 5 (polyclonal, Abcam), anti-DsRed (polyclonal, Clontech), anti-GFP (polyclonal, Abcam), anti-Ki-67 (clone: SolA15, Thermo Fisher). The secondary antibodies were goat anti-mouse AF647, goat anti-rabbit Cy3 (Jackson Labs), goat anti-rat AF488 and/or goat anti-chicken AF488 (Invitrogen). Secondary antibody alone was used as a control. Sections were mounted with ProLong Gold antifade with DAPI (Invitrogen).

Image analysis {#Sec17}
--------------

Tissue sections were imaged using the Olympus BX50 microscope (Olympus) with tiling capacity and one-third to half of the mammary epithelium was imaged. After acquisition, images were stitched together in order to obtain a single image of the tissue. The individual channels were merged and displayed with Image J (FIJI-64 bit) software. All images were analysed by Image J software. One to two sections per sample were used for analysis. Cell were identified as being positive visually (using a secondary only control to determine positivity) and the Cell Counter tool in Image J used.

Ts and Tc quantification: Between 255 and 920 CldU+ and/or IdU+ cells from seven mice and between 374 and 877 CldU+ and/or IdU+ cells from five independent biological samples were analysed, respectively.

PR-Ki-67 quantification: Between 430 and 1085 cells from seven mice were analysed.

PR-BrdU quantification: 150--920 BrdU+ cells were analysed from five mice.

Estrus and Diestrus quantification: 805--2914 cells were analysed from 3 to 9 independent biological samples, respectively. (Diestrus phase is between 2 and 3 days^[@CR36],[@CR37]^. To robustly cover the diestrus phase, three independent biological replicates from the early, mid, and late diestrus phase were collected.)

For all quantification of images, reference cells were DAPI+ nuclei epithelia cells.

RNA extraction and single cell RT-PCR {#Sec18}
-------------------------------------

Single-cell gene-expression was determined using Fluidigm's 96.96 qPCR Dynamic Array microfluidic chips. A total of 96 cells containing G1, G1 high, S/G2/M and DN cells from the basal, HR− luminal and HR+ luminal populations from two pooled biological replicates were sorted directly into individual wells of 96-well PCR plates containing 9 µL of lysis and preamplification mix: 5 µL of CellsDirect PCR mix (Invitrogen), 0.2 µl of SuperScript-III RT/Platinum Taq mix (Invitrogen), 1.0 µL of a mixture of all pooled primer assays (500 nM each), and 2.8 µL of DNA suspension buffer (TEKnova). After sorting, plates were placed into a thermocycler for combined reverse transcription (50 °C for 15 min, 95 °C for 2 min) and target-specific amplification (20 cycles; each cycle: 95 °C for 15 s, 60 °C for 4 min). cDNA was diluted 1:5 with TE before qPCR on the BioMark HD. cDNA synthesis and amplification were performed according to Fluidigm real-time PCR Dynamic Array IFC Protocol (BioMark Fluidigm). All primers were validated via prior to inclusion. Hierarchical clustering, PCA, violin plots, ANOVA, and gene expression analysis were performed using the SINGuLAR Analysis Toolset 2.1 (Fluidigm). Genes were clustered together using the Pearson method, and samples are clustered together using the Euclidean method.

Ts and Tc calculations {#Sec19}
----------------------

The length of S phase (Ts) and total cell cycle length (Tc) were calculated according to Brandt et al.^[@CR38]^. Briefly, to determine Ts or Tc, CldU+ and IdU+ cells were counted. Ts was calculated by the ratio of cells that left S phase during the 3 h exposure using the following formula:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{Ts}} = {\mathrm{CldU}} + {\mathrm{IdU}} - {\mathrm{ cells}}/{\mathrm{CldU}} + {\mathrm{cells}} = {\mathrm{3}}\,{\mathrm{hours}}/{\mathrm{Ts}}.$$\end{document}$$

To determine Tc, an interval between Ts and Tc -- Ts, but no longer than 2 × Tc -- Ts was selected and the length of the cell cycle was calculated using the following formula:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{Tc}} = {\mathrm{14}}\,{\mathrm{hours}} + {\mathrm{(Ts}}\,{\mathrm{x}}\,\left( {{\mathrm{IdU}}^ + {\mathrm{CldU}}^ - {\mathrm{cells}}/{\mathrm{IdU}}^ + {\mathrm{cells}}} \right).$$\end{document}$$

G2/M-phase can be calculated by assuming it is shorter than 15 h, (time after IdU exposure for Tc) minus Ts (7.4 h). This the approximate duration of G2/M is between 4 h and 7.6 h (\~5.8 h). G1 is calculated by subtracting the lengths of Ts (7.4 h) and G/2/M (\~5.8 h) from Tc (20.1 h). Thus G1 is \~6.9 h.

Statistics and reproducibility {#Sec20}
------------------------------

Data are presented as the mean of at least three independent experiments with S.E.M, unless a different number of repeats is stated in the legend where *P*-values and *N* numbers are indicated in the figure legends. Comparisons between multiple groups were analysed using analysis of variance (ANOVA) followed by a multiple comparisons test, or a Student's *t*-test as indicated in the figure legends GraphPad Prism v. 6.0. Statistical significance is indicated as follows: \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001. No statistical method was used to predetermine sample size. No animals were excluded from the study. No method of randomization was used. The investigators were not blinded to allocation during experiments or outcome assessment.

Data availability {#Sec21}
-----------------

The datasets generated during and/or analysed during the current study are available from the corresponding author on request.
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